Listeria monocytogenes infection through contaminated food is well documented in the literature. Because of its disease-producing abilities and fatal prognosis in humans, several detection systems have been developed. Among these techniques, isolation and identification of L. monocytogenes by selective culture media are very effective (8, 13, 23-26, 28, 35) . Similarly, DNA-based assay systems to detect Listeria spp. in food have also been reported (3, 9, 19, 21) . However, these techniques take about 2 to 4 days for detection.
Monoclonal antibody (MAb)-based enzyme-linked immunoassays (ELISA) and dot blot assays have been reported to identify these organisms in food (6, 12, 18, 27, 30, 36) and clinical samples (29, 31, 32) . However, some of these MAbs react with all species of Listeria (6, 12, 27, 40) or react with L. monocytogenes and some of the other nonpathogenic Listeria spp. Siragusa and Johnson (36) reported a MAb, P5C9, which reacted with L. monocytogenes as well as Listeria innocua and Listeria welshimeri.
The purpose of this study was to develop MAbs which react with the cell surface antigens of L. monocytogenes which will remain present in the bacteria irrespective of their growth environment and life-style. MAb raised against flagellar antigen (11) or listeriolysin (22) may not give positive results when Listeria spp. are grown in unfavorable environments (33, 34) in which these antigens are not produced. Besides developing a MAb against stable cell surface antigen, we attempted to develop MAbs specific for L. monocytogenes. * Corresponding author.
In this study, we report a MAb which reacts with a stable cell surface antigen of L. monocytogenes and L. innocua and shows no cross-reactions with other gram-positive or gramnegative organisms. Furthermore, we characterized this antibody using ELISA, dot blot, colony blot, and Western blot (immunoblot) techniques. We also looked at the response of the epitope to several proteolytic enzymes and solvents and the distribution of MAb C11E9-reactive antigens among various cell fractions.
MATERIALS AND METHODS
Cultures and media. The cultures of Listeria spp. and other gram-positive and gram-negative organisms mentioned in Table 1 were maintained in tryptic soy broth (TSB; Difco Laboratories) containing yeast extract (0.5%) and Difco agar (1.5%) slants (TSA-YE) at 25°C. The fresh cultures for all the experiments were obtained by inoculating slant cultures into TSB containing yeast extract (0.5%) (TSB-YE) at 37°C for 16 to 18 h. The protein A-negative Staphylococcus aureus strain (Sansorbin) was obtained from Calbiochem Co., La Jolla, Calif.
Extraction of Listeria surface protein. L . monocytogenes V7 and L. innocua LA-1 were grown separately in 10 liters of TSB-YE at 37°C for 16 to 18 h. The cells were harvested by centrifugation (6,000 x g, 10 min) and washed three times with phosphate-buffered saline (PBS), pH 7.0 (PBS is 20 mM sodium phosphate-0.85% NaCl). The washed cell pellets were resuspended with 100 ml of SDS buffer (2% sodium dodecyl sulfate, 0.5% 3-mercaptoethanol, PBS, pH 7.0) and incubated at 37°C for 30 min. After centrifugation (10,000 x g, 10 min), the cell extracts were dialyzed exhaustively (17) . The presence of MAb in ascites fluid was quantitated by serum protein electrophoresis (14 37°C for 4 to 6 h. A piece of Immobilon P membrane was then placed over the stabbed cultures, and incubation was continued for another 12 h. The membrane was removed, air dried, and treated with methanol-H202. Both dot blot and colony blot membranes were blocked with 2% bovine serum albumin in PBS for 1 h and probed with MAb C11E9 (2 x 10-4 dilution in PBS) for 1 h. The blots were washed twice for 10-min periods with PBS-T, and then goat anti-mouse horseradish peroxidase-conjugated IgG (heavy and light chain) was added. After incubation for 1 h, the blots were washed as before and reacted with 20 ml of substrate solution containing 10 mg of 3,3'-diaminobenzidine tetrahydrochloride-20 ml of 0.05 M Tris, pH 7.6-1 ml of 8% nickel chloride-0.1 ml of 30% H202 (Sigma). The color reaction was stopped by washing the membrane in water (5, 36) .
Polyacrylamide gel electrophoresis (PAGE) and immunoblotting. ; and chicken egg albumin, 45; Sigma) were loaded onto each of several wells of 10 to 20% or 5 to 10% discontinuous gradient nondenaturing gels (without any SDS) (39) . At the end of electrophoresis (25 mA for 3.5 h), part of the gel was stained with Coomassie blue R-250 for protein stain and the other part was transblotted to a Immobilon-P membrane by using the Bio-Rad transblot apparatus (Bio-Rad) (38) . The blotted membrane containing the protein bands were either stained with fast green (0.1%) or immunoprobed with MAb C11E9 as described for dot blotting with the modification that an alkaline phosphatase-conjugated IgG (heavy and light chain) was used as the secondary antibody. The substrate mixture contained 0.33 mg of Nitro Blue Tetrazolium per ml and 0.165 mg of 5-bromo-4-chloro-3-indolyl phosphate per ml of alkaline phosphatase buffer, pH 9.5 (100 mM Tris, 100 mM NaCl, 5 mM MgCl2).
(ii) SDS-PAGE. For SDS-PAGE the CCSP were dissolved in sample solvent, previously described, to which 4.6% SDS and 10% P-mercaptoethanol were added. Similarly, SDS was added to the gel and the running buffer. Protein samples and molecular weight standards (MW-SDS-7; Sigma) were loaded onto several wells of 10 to 15% gradient gel and electrophoresed at 25 mA for 3.5 h (4, 39). The gel sections either were stained with Coomassie blue (for protein stain) or periodic acid-Schiff stain (for glycoprotein), using glyceraldehyde 3-phosphate dehydrogenase as positive control (11) , or were transblotted to Immobilon P membranes. Subsequently, the blotted membranes were either stained for glycoprotein by an enzyme immunoassay (DIG glycan detection kit; Boehringer Mannheim Co., Indianapolis, Ind.) or immunoprobed with MAbs as before.
(iii) Acetic acid-urea PAGE. The CCSP from L. monocytogenes V7 or L. innocua cells were also analyzed by acetic acid-urea PAGE (37) . The proteins (2 mg/ml) were dissolved in sample solvent containing 1 ml of HCl (1 M), 0.5 ml of p-mercaptoethanol, 5 .4 g of urea, 0.5 ml of pyronin Y (0.4%
[wt/vol] in H20), and 4.5 ml of H20. A 0.03-ml volume of each sample and 0.01-ml volumes of molecular marker (phosphorylase b, bovine serum albumin, and carbonic anhydrase) were loaded onto several wells and electrophoresed (180 V, 5 h) in a vertical slab gel (Bio-Rad) with the cathode at the bottom end of the gel. At the end of the electrophoresis, the gel was either stained or transblotted to Immobilon P membrane for immunoassay.
Isoelectric focusing and immunoblotting. The CCSP from L. monocytogenes and L. innocua cells were focused in an 8% acrylamide gel containing ampholyte (pH 3 to 10) according to the Pharmacia isoelectric focusing manual (Pharmacia Fine Chemicals, Uppsala, Sweden). A 0.012-ml volume of the sample along with 0.004 ml of protein standards (IEF Standards; 161-0310; Bio-Rad) were loaded on to the gel and focused for 3 h at 6 W (constant current). The pH gradient of the gel was determined at intervals by using a blunt probe electrode and digital pH meter (Fisher Scientific, Pittsburgh, Pa.). One part of the gel was stained with Coomassie blue R-250, and the other part was transblotted to an Immobilon P membrane and immunoprobed with C11E9.
Removal of surface proteins by different chaotropic agents. A 5-ml volume each of freshly grown cultures of L. monocytogenes V7 and Scott A and L. innocua LA-1 was centrifuged (12,000 x g, 5 min), and cell pellets were washed once with 1 volume of PBS. The cells were suspended in 5 ml of one of four solutions: (i) an acid-urea solution containing 1 ml of HCl (1 N), 5.4 g of urea, 0.5 ml of 3-mercaptoethanol, and 5 ml of H20; (ii) 2% SDS-0.5% P-mercaptoethanol in PBS, pH 7.0; (iii) 1 M NaCl; or (iv) 4 
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The cells were grown in 10 ml of TSB-YE for 12 to 14 h. The cell-free supernatants were obtained by centrifugation (10,000 x g for 10 min at 10°C) and membrane filtration (0.45-,um-pore-size filter). The cell pellets were resuspended and washed four times with PBS, and all the PBS extracts were saved for further analysis. The PBS-washed cell pellets were then resuspended with 10 protein A-negative preparation of S. aureus did not show any reaction (Table 1) . PAGE and immunoblotting. The native PAGE (10 to 20% polyacrylamide) analysis of CCSP from L. monocytogenes V7 and L. innocua cells under nondenaturing and nonreducing conditions showed the presence of several protein bands upon Coomassie blue staining. After immunoblotting, the MAb C11E9-reactive proteins were detected in the interface of stacking and running gel (data not shown). For improved resolution, CCSP were analyzed in 5 to 10% PAGE under the same conditions, and one MAb C11E9-reactive protein band of 174 kDa for L. monocytogenes (Fig. 2, lane D) and 182 kDa for L. innocua (Fig. 2, lane E) was noticed.
In acid-urea PAGE (10% polyacrylamide) the CCSP were separated on the basis of the total charge and the mass. Immunoblotting with MAb C11E9 yielded one strongly reactive protein band and a second minor protein band for each L. monocytogenes (Fig. 3, lane D) and L. innocua (Fig.  3, lane E) isolate.
Isoelectric focusing gels after immunoblotting with MAb C11E9 indicated that there were two protein bands with isoelectric points (pls) of 8.1 and 7.4 in CCSP from L. monocytogenes (Fig. 4, lane E) , whereas L. innocua showed a wide protein band with a pl of about 7.4 (Fig. 4, lane D) .
SDS-PAGE (10 to 15% polyacrylamide) analysis of CCSP from L. monocytogenes V7 and L. innocua cell showed the presence of several protein bands ranging from 10 to 105 kDa (Fig. 5, lanes A and B) Removal of surface proteins by chaotropic agents. Dot blot analyses of L. monocytogenes V7 and Scott A and L. innocua cells after treatment with acid-urea, NaCl, Gu-HCl, or SDS-p-mercaptoethanol showed that the MAb-reactive proteins were removed to various degrees from the cell surface (Fig. 6 ). Among these, NaCl and Gu-HCl caused partial and complete removal of the protein(s), respectively, and the acid-urea and SDS-,-mercaptoethanol treatments caused intermediate removal, as was demonstrated in dot blotting. Microscopic examination of cells after the treatments did not show any apparent cell lysis. The cells were still motile after treatment with SDS-i-mercaptoethanol or NaCl but were nonmotile after acid-urea or Gu-HCl treat- Epitope characterization. Treatment of CCSP from L. monocytogenes V7 and L. innocua cells with various proteolytic enzymes and solvents interfered with the binding of MAb C11E9 to the epitope. The epitope binding activity determined by ELISA was destroyed in the presence of trypsin, chymotrypsin, and pronase E. Similarly, reduced epitope binding activity was noticed for CCSP of L. monocytogenes and L. innocua in the presence of methanol (0.48 and 0.52%, respectively), acetone (8.12 and 7.86%, respectively), and ethanol (2.03 and 2.35%, respectively), whereas hexane (60.63 and 66.89%, respectively) had very little effect. The control was considered to be 100%.
Localization of MAb-reactive proteins in cell fractions. The MAb C11E9 reaction to different cell fractions was monitored in ELISA at A490. The data in Table 2 indicate that some of the CllE9-reactive proteins are present extracellularly (about 0.003% for L. monocytogenes and 0.004% for L. innocua). After PBS wash, the antigens which were apparently loosely attached to the cells and extractable with PBS were calculated to be 19% for L. monocytogenes and 63% for L. innocua. The intracellular fractions or cell lysates of L. monocytogenes and L. innocua contained about 24 and 10%, respectively, of the reactive protein antigens. Similarly, cell wall fractions contained about 57 and 27% of the reactive protein antigens for L. monocytogenes and L. innocua, respectively (Table 2 ). This result indicates that C11E9-reactive antigens are not similarly distributed between these two bacterial species. L. innocua apparently expresses most of its C11E9-specific antigens on the cell surface, part of which are apparently loosely attached to the cell wall. Conversely, L. monocytogenes appears to express the majority of its C11E9-specific antigens, which are tightly bound, in the cell wall. (Fig. 2) . However, when the same CCSP were analyzed in acid-urea PAGE (10% polyacrylamide) (Fig. 3) (Fig. 4) . In SDS-PAGE (10 to 15% polyacrylamide) the CCSP gave four major protein bands with molecular masses of 76, 66, 56, and 52 kDa for L. monocytogenes and three major bands with molecular masses of 66, 56, and 52 kDa for L. innocua cells (Fig. 5) CllE9-reactive protein bands in SDS-PAGE were also thought to be subunit proteins or breakdown products of cellular proteases. The MAb ClIE9-reactive antigens in cell fractions indicated that they are mostly associated with the cell surfaces of both L. monocytogenes and L. innocua (Table 2) .
DISCUSSION
Collectively, our data suggested that MAb C11E9 reacted with a protein complex or an aggregate (native state) consisting of two or more proteins with different molecular weights and charges and an entirely different group of proteins from those previously published and reviewed below.
Since MAb C11E9 reacts to several protein bands (in SDS-PAGE), one can speculate that the organisms might produce some related but different extracellular proteins which possess a common epitope. One such candidate is listeriolysin, which we prepared by the method of Barclay et al. (1, 2) , ran in SDS-PAGE, transferred, and immunoblotted. Our immunoblot results (data not shown) indicated that MAb C11E9 did not react with a band where the listeriolysin (58 kDa) was located. Immunoblots of our MAb also showed there was little or no reaction with proteins of 60-kDa molecular mass reported as "inivasin proteins" by Kuhn and (36) or microcolony immunoblotting (3a) .
